l-Carnitine, a key element in fatty acid metabolism and energy production, is biosynthesized from gamma-butyrobetaine by the catalysis of gamma-butyrobetaine hydroxylase (BBOX1). We cloned three different 3'untranslated regions (3'UTRs) alternative polyadenylation (APA) transcripts of the BBOX1 gene with different 3'UTR length (GenBank Accession Nos. KX431577, KX431578, KX431579). Two polymorphisms, NM_001101881.2: g.1797_1798insTGC and g.1935T>C, were revealed in 3'UTR of BBOX1 gene. They created or disrupted a restriction site for endonuclease BbvI and HincII, respectively. Moreover, the single nucleotide polymorphism (SNP) g.1935T>C can create or disrupt polyadenylation signals PAS3 resulting in the presence of APA3 transcript variant. Marker-trait association analyses showed that the BBOX1-BbvI and BBOX1-HincII loci were significantly associated with muscle fibre diameter, shear force, net meat weight, and carcass weight (P < 0.01). Moreover, we also found a significant association of combined genotypes with cooking loss, muscle fibre diameter, shear force, net meat weight, and carcass weight (P < 0.01). The results of this study provide the evidence that polymorphisms in BBOX1 gene are associated with meat quality and carcass traits in Chinese Red cattle, and may be used as a candidate for marker assisted selection in beef cattle breeding program.
Gamma-butyrobetaine hydroxylase (BBOX1) is an enzyme responsible for the biosynthesis of l-carnitine, a key molecule of fatty acid metabolism. There are four enzymatic reactions for the synthesis of l-carnitine, and the last step is catalyzed by BBOX1. The enzyme activity of BBOX1 in human has been detected only in the liver, kidneys, and brain (Rigault et al. 2006) . Increasing evidence indicates that l-carnitine deficiency may be implicated in obesity (Cave et al. 2008) . It has been shown that carnitine supplementation can improve glucose tolerance in obese rats. More-over, modulation of carnitine palmitoyltransferase I activity also contributes to the changes in lipid metabolism and food intake (Lopaschuk et al. 2010) . Therefore, l-carnitine might play a key role in regulating fatty acid and energy metabolism.
Recent genomic analyses revealed that most eukaryotic genes have multiple polyadenylation sites, resulting in transcript variants with different coding potentials and/or variable 3'UTR. Moreover, the alternative polyadenylation (APA) is an important layer of gene regulation affecting mRNA metabolism (Tian and Manley 2013) . The https://doi.org/10.17221/105/2016-CJAS human BBOX1 cDNA consists of an 1161 bp open reading frame encoding a polypeptide of 387 amino acids. Two 3'UTR with different length were generated by an APA mechanism during the human BBOX1 mRNA maturation (Rigault et al. 2006) . Four alternative polyadenylated BBOX1 mRNAs were identified in rat liver. Moreover, the level of three BBOX1 mRNA transcript variants in rat liver was selectively increased by high fat diet and the alternative use of polyadenylation sites contributed to the global increase in BBOX1 enzymatic activity and l-carnitine levels. A selective polyadenylation process was found to nutritionally regulate the maturation of BBOX1 mRNAs in liver to adjust biosynthesis of l-carnitine to the energy supply (Rigault et al. 2013) .
The bovine BBOX1 gene could be considered as a candidate gene associated with meat quality and carcass traits due to its significance in fatty acid and energy metabolism. However, organization and polymorphisms of the bovine BBOX1 gene have not been well investigated yet. The purpose of this study was to investigate the alternative polyadenylation and polymorphisms in the 3'UTR of bovine BBOX1 gene and the relationship between polymorphisms and meat quality and carcass traits of a Chinese native cattle breed.
MATERIAL AND METHODS
Ethics statement. All procedures involving animals were approved by the Animal Care and Use Committee at the Institute of Jilin Academy of Agricultural Sciences where the experiment was conducted, and also approved and authorized by the Chinese Ministry of Agriculture.
Animals, genomic DNA and total RNA isolation. A total of 307 Chinese Red cattle were randomly selected between 2010 and 2013 from Branch of Animal Husbandry, Jilin Academy of Agricultural Sciences, China for use in the association analysis. They were the progeny of five sires and unrelated dams (n = 58, 68, 53, 66 , and 62 progenies per sire, respectively). Age of animals at slaughter ranged from 24 to 26 months. All carcass and meat quality traits were measured according to the criterion GB/T 17238-1998 of the Cutting Standard of Fresh and Chilled Beef in China (China Standard Publishing House), and also according to reference methods described by Prieto et al. (2008) and Allais et al. (2010 Allais et al. ( , 2011 . Carcass measurements including net meat weight, carcass weight, and rib eye area were obtained at postmortem. The longissimus lumborum samples were obtained between the 11 th and 13 th ribs collected at postmortem, placed in a labelled vacuum-packed bag in a cooler, and transported to the laboratory for collection of meat quality phenotypes data.
Genomic DNA was extracted from whole blood by phenol-chloroform method, and then dissolved in Tris-EDTA (TE) buffer and kept at -20°C and/or at 4°C. Total RNA was isolated from liver, kidney, heart, rumen and longissimus lumborum tissues using the RNeasy kit (Qiagen, Germany). RNA integrity was monitored by denaturing 1% agarose gel electrophoresis. Concentrations and purities of RNA were measured by spectrophotometry (Amersham Pharmacia Biotech, UK).
Identification of alternative polyadenylation by 3'RACE. The 3'RACE (rapid amplification of cDNA ends) experiment was performed using the First-Choice ® RLM-RACE Kit (Thermo Fisher Scientific, USA) according to the manufacturer's recommendations on total RNA extracted. Primers for 3'RACE were designed based on the sequence of bovine BBOX1 gene (GenBank Accession No. NM_001101881.2). The outer bovine BBOX1 gene specific forward primer GSP (5'-GGAACTGA-GATAACCCGCCA-3') was used in combination with the adaptor specific outer primer for the first polymerase chain reaction (PCR) amplification. The bovine BBOX1 gene specific inner primer NGSP (5'-GGCTTATGCTGACTGGGATGTG-3') was used in combination with the adaptor specific inner primer for the second PCR. The nested PCR products were analysed on 2% agarose gel and sequenced to identify the 3' end of the targeted mRNA.
Polymorphisms identification and genotyping. For polymorphisms identification and genotyping of BBOX1 3'UTR, primers were designed based on the sequence of bovine BBOX1 gene (GenBank Accession No. NM_001101881.2) and its 3' flanking region (Table 1) . Chinese Red steers (n = 30) were randomly chosen for screening DNA polymorphisms using polymerase chain reaction-single strand conformation polymorphism (PCR-SSCP) method. Briefly, PCR were carried out in 25 μl volume containing 0.2 μmol/l each primer, 1× PCR buffer, 0.2 mmol/l each dNTP, 50 ng genomic DNA, 1.0 Unit Taq DNA polymerase, and the rest was ddH 2 O. The Mg 2+ concentration was optimized https://doi.org/10.17221/105/2016-CJAS for each primer set (Table 1 ). The PCR conditions were at 94°C for 5 min, followed by 32 cycles of 94°C for 30 s, annealing at an optimal annealing temperature (Table 1) for each primer for 30 s and at 72°C for 40 s, with a final extension at 72°C for 10 min. The SSCP analysis was used to identify the polymorphisms. Briefly, PCR products were half diluted in denaturing loading dye (95% formamide, 0.025% bromophenol blue, and 0.025% xylene cyanol), denatured at 95°C for 10 min, and then placed on ice for 10 min. The samples were then loaded on 10% nondenaturing polyacrylamide gel with 10% formamide, and run in 1×Tris-borate-EDTA (TBE) buffer at 180 V for 14-16 h at a constant temperature of 4°C. The gel was stained with 0.1% silver nitrate. The PCR products of different electrophoresis patterns were purified with Axygen kits (MBI Fermentas, Lithuania) and were sent to Sangon Biotech (Shanghai) Co., Ltd. for sequencing in both directions in an ABI PRIZM 377 DNA sequencer (Perkin-Elmer, USA). The sequences were analyzed with DNAstar software (Version 5.01).
All polymorphisms identified by PCR-SSCP and sequencing were confirmed by the PCR-restriction fragment length polymorphism (RFLP) method using relevant restriction enzymes from New England Biolabs (NEB, China) ( Table 1) . They also were genotyped by the PCR-RFLP method in a total of 307 Chinese Red steers. The reaction mixture comprised 5 μl PCR product, 2 μl 10× buffer, 0.5 μl (5 U) restriction enzymes, and 12.5 μl ddH 2 O. The digestion products were subjected to horizontal electrophoresis (90 V, 30 min) on a 3.0% (w/v) agarose in 1× Tris-acetate-EDTA (TAE) buffer and were stained with ethidium bromide.
Statistical analyses. Genotype frequencies of BBOX1-BbvI and BBOX1-HincII loci were calculated directly from the genotypes of the 307 cattle, respectively. The linkage disequilibrium (LD) structure as measured by D' and r 2 was computed with the HAPLOVIEW software (Version. 3.32) (Barrett et al. 2005) . Haplotype frequencies were analyzed by PHASE (Version. 2.1.1) (Stephens et al. 2001) . The associations between genotypes, combined genotypes, and carcass and meat quality traits were evaluated using the Least Squares method (GLM procedure of the SAS softwareStatistical Analysis System, Version 8.01, 1999). Duncan's multiple range tests from PROC GLM were used to separate means. P < 0.01 was considered significant. The statistical model used was as follows: 
RESULTS
The 3'UTR of BBOX1 involves alternative polyadenylation. In order to detect as many APA transcript variants of BBOX1 as possible, 3'RACE was performed on RNA isolated from bovine liver, kidneys, heart, rumen, and longissimus lumborum tissues. But three different 3'UTRs APA transcript variants of BBOX1 (APA1, APA2, and APA3) were only detected in bovine liver and kidneys tissue. The length of 3'UTRs APA1 transcript variant by proximal polyadenylation signals PAS1 choice is 229 bp, while the lengths of the other two 3'UTRs APA2 and APA3 transcript variants with longer 3'UTRs by distal polyadenylation signals PAS3 and PAS4 choice are 664 bp and 678 bp, respectively. When this PAS3 "AATAAA" was mutated into "AACAAA" (NM_001101881.2:g.1935T>C), a shift of APA site was observed resulting in the presence of APA3 transcript variant by usage of PAS4 (Figure 1) . The sequences of the 3'UTR identified by 3'RACE have been submitted to GenBank and their Accession Nos. are KX431577, KX431578, and KX431579, respectively.
Polymor phisms of the 3'U T R in BBOX1 gene. Two polymorphisms, NM_001101881.2: g.1797_1798insTGC and g.1935T>C, were revealed by PCR-SSCP and sequencing in the 3'UTR of BBOX1 gene, and they create or disrupt restriction site for endonuclease BbvI and HincII, respectively. The BBOX1-BbvI and BBOX1-HincII loci were genotyped by the PCR-RFLP method in the studied population. The following DNA restriction fragments were obtained for the BBOX1-BbvI poly- Association analysis. The loci of BBOX1-BbvI and BBOX1-HincII were genotyped by PCR-RFLP in 307 Chinese Red cattle, in order to investigate the association of BBOX1 gene polymorphisms with meat quality and carcass traits. The results of the association analyses between single markers and meat quality and carcass traits are shown in Table 2 . Marker-trait association analyses showed that the BBOX1-BbvI and BBOX1-HincII loci were significantly associated with muscle fibre diameter, shear force, net meat weight, and carcass weight (P < 0.01). In addition, the combined genotypes association results for BBOX1-BbvI and BBOX1-HincII loci are shown in Table 3 . The results of association analyses indicated that the combined genotypes were significantly associated with cooking loss, muscle fibre diameter, shear force, net meat weight, and carcass weight in the Chinese Red cattle population (P < 0.01).
DISCUSSION
Recent genomic studies have indicated that APA exists in 70-79% of mammalian genes. Moreover, a great majority of yeast and plant genes have also (Tian and Manley 2013) . In the present study, three different 3'UTRs APA transcript variants were detected in bovine BBOX1 gene. These results indicate that the size differences of the three 3'UTRs of BBOX1 mRNA are due to heterogeneity at the 3'UTR that originates from the use of alternative polyadenylation signals. Moreover, from our results of 3'RACE and sequencing, we speculate that the polyadenylation signals PAS2 might not be functional, and further studies are needed to investigate the potential role of PAS2 in the regulation of mRNA processing. In human, two cleavage sites were identified to generate a short and a long 3'UTR in the three investigated organs (Rigault et al. 2006) . In addition, four different 3'UTRs were identified on rat liver mRNAs (Rigault et al. 2013 ). The present study is the first report on polymorphisms of the bovine BBOX1 gene. Two polymorphisms were identified at mutual region of 3'UTR in APA2 and APA3 transcript variants. MicroRNAs (miRNAs) targeting the 3'UTRs are major posttranscriptional regulators of gene expression. Using the RegRNA2.0 (Chang et al. 2013) online prediction software, two target sites of bta-miR-2476 and bta-miR-301a in the BBOX1 3'UTR sequence were identified and their target sequence includes g.1797_1798insTGC and g.1935T>C loci, respectively. Interestingly, the g.1935T>C located at PAS3 resulted in "AATAAA" mutated into "AACAAA". Therefore, we speculate that these polymorphisms may be functional and directly affect the expression of the phenotype.
It is possible to localize economically important quantitative trait loci (QTL) which will expedite genetic improvement via marker-assisted selection in livestock species (Andersson and Georges 2004) . In our study, although the mechanisms involved in the association of polymorphisms in the 3'UTR of BBOX1 gene with meat quality and carcass traits are not currently well understood, a clear association with some meat quality and carcass traits was observed in the Chinese Red cattle. In the meat quality traits, cattle with the II and CC genotypes have significantly higher muscle fibre diameter than other genotypes and NI and TC genotypes have significantly lower shear force than other genotypes at the BBOX1-BbvI and BBOX1-HincII loci, respectively (P < 0.01). In the carcass traits, cattle with the II and CC genotypes have significantly higher net meat weight and carcass weight at the BBOX1-BbvI and BBOX1-HincII loci, respectively (P < 0.01). In the present study, the association analysis suggested that significant differences exist between the combined genotypes of BBOX1-BbvI and BBOX1-HincII loci and meat quality and carcass traits (P < 0.01). The results are basically consistent with the results on BBOX1-BbvI and BBOX1-HincII genotypes mentioned above. But a little inconsistency indicates that each of the SNPs has a small effect, and in the haplotypes the effects may combine. This coincides with the conclusion that the inheritance of haplotype combinations is more effective than that of one SNP (Stephens et al. 2001; Grindflek et al. 2004) .
Our results may be a true positive test because there is some QTL evidence for meat quality and carcass traits in the respective genome region. The bovine BBOX1 locus maps on the chromosome 15, where some QTL affecting meat and carcass traits have been previously described (McClure et al. 2012; Saatchi et al. 2013; Allais et al. 2014; Doran et al. 2014) . Therefore, we can speculate that it is true that the allele itself may be functional and directly affect the expression of the phenotype, and a more likely event is that the allele is in linkage disequilibrium with another allele at a nearby locus that is the true causal allele. In addition, it is also possible that polymorphisms in the 3'UTR might have an impact on gene function by affecting the mRNA stability as well as regulatory motifs within 3'UTRs (Thomas and Saetrom 2012) . Further biological and/or functional evidences are warranted to confirm the genetic effects of bovine BBOX1 gene polymorphisms on meat quality and carcass traits.
CONCLUSION
Three different 3'UTRs APA transcript variants of bovine BBOX1 gene were identified. Two polymorphisms, NM_001101881.2: g.1797_1798insTGC and g.1935T>C, were found in 3'UTR of BBOX1 gene. The SNP g.1935T>C located in PAS3 sequence resulted in the shift of APA site and the presence of APA3 transcript variant. Genotypes of BBOX1-BbvI and BBOX1-HincII loci were confirmed to be significantly associated with muscle fibre diameter, shear force, net meat weight, and carcass weight in cattle, respectively. We also found that combined genotypes were significantly associated with cooking loss, muscle fibre diameter, shear https://doi.org/10.17221/105/2016-CJAS force, net meat weight, and carcass weight. These results suggest that BBOX1 gene may be used as a candidate for marker assisted selection in beef cattle breeding program. But further biological and/or functional evidences are needed to confirm the genetic effects of BBOX1 gene polymorphisms on meat quality and carcass traits.
